Composite structures consisting of galvanized steel wire as a fiber and low density polyethylene as a thermoplastic matrix were manufactured by hot-press molding. The mechanical properties were experimentally determined. The effect of orientation angle and symmetric-antisymmetric structure was investigated under in-plane forces. An elastic-plastic numerical solution was carried out using finite element modeling (FEM) for some iteration numbers. Residual stresses and expansion of plastic zone have been illustrated in tables and figures.
INTRODUCTION C
OMPOSITE MATERIALS OFFER great potential and flexibility in structural design because of the anisotropy of material properties, unique ply-by-ply constructions, and novel fabrication methods [1] . Although thermosetting polymers have been utilized almost exclusively for several decades, the introduction and development of new thermoplastics, e.g., Torlon, PEEK and Ryton, followed by numerous other candidates, as matrix materials in structural composites have given another dimension to the application of reinforced plastic materials [2] . These engineering materials, thermoplastic polymer-matrix continuous-fiber composites, offer many advantages over conventional reinforced thermosets (e.g., References [3] [4] [5] [6] [7] [8] [9] [10] ).
A number of papers have appeared on stress analysis of fibrous composite structures. Stress concentration factors for various structures have been investigated [11] [12] [13] . Anisotropic strength of composites has been studied [14] [15] [16] . Two-dimensional finite element analysis (plane stress, plane strain) of various isotropic structures has been obtained [17, 18] . The elasto-plastic analysis of composite materials and structures has been made [19] [20] [21] .
In this study, steel-fiber-reinforced low density polyethylene (LDPE) composite laminated plates with a hole were loaded in-plane. The residual stresses and expansion of the plastic zone were found for some iteration numbers. Residual stresses in composite materials are important because they can lead to premature or increased failure [22] . Prediction of residual stresses is therefore important in the design and performance of composite components [23] .
MATHEMATICAL FORMULATION
LDPE-matrix laminated plates of constant thickness, composed of orthotropic layers bonded symmetrically or antisymmetrically about the middle surface, were used in this study.
The solution of laminated plate elements includes transverse shear deformations. Therefore, the stress-strain relation for an orthotropic layer in any orientation angle in the plane of the layer is given as (1) where the transformed reduced stiffnesses Q ij are given in terms of the orientation angle and the engineering constants of the material.
In this investigation, transverse shear deformation theory is used. The theory assumes that the particles of the plate, originally on a line normal to the undeformed middle surface, remain on a straight line during deformation, but this line is not necessarily normal to the deformed middle surface. Therefore, the displacement components of a point of coordinates x, y, z for small deformations are (2) where u 0 , v 0 and w are the displacements of a point on the middle surface, and ψ x and ψ y are the rotation angles normal to the y-and x-axes, respectively. By using the strain-displacement relations, bending strains are found to vary linearly through the plate thickness, whereas shear strains are assumed to be constant throughout the thickness as
To obtain the element equilibrium equations, the total potential Π is written with p equal to the transverse loading per unit area and in-plane forces N N
where dA = dxdy and in-plane forces are applied on the boundary ∂R.
The resultant forces N x , N y , N xy , and moments M x , M y and M xy and shearing forces Q x and Q y per unit length of the cross section of the laminated plate are given as 
For equilibrium, the potential energy Π must be stationary. It is obtained so that δΠ = 0, which may be regarded as the principle of virtual displacement for the plate element [24] .
FINITE ELEMENT MODEL
To find the residual stresses and the yield points of the laminates, nine-node finite element was employed. The symmetric or antisymmetric laminated plates are composed of two or four layers. The laminated plates are divided into eight imaginary parts to obtain more accurate results.
The stiffness matrix of the plate is obtained by using the minimum potential energy principle. Bending and shear stiffness matrices are (6) where, = =5/6. In this solution the external forces are applied in-plane and are incrementally increased. Because the calculated stresses do not coincide with the true stresses in a nonlinear stress analysis, the unbalanced nodal forces and the equivalent nodal forces must be calculated for each iteration. The equivalent nodal forces that correspond to the element stresses can be expressed as (8)
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Hence, the unbalanced nodal forces can be determined as follows:
The unbalanced nodal forces are used to obtain increments and satisfy the convergence tolerance in a nonlinear analysis throughout the complete history for each loading step [23] . The stress-strain relation in the plastic region is given as (10) In the plastic solution the Tsai-Hill criterion was used as the yield criterion.
PRODUCTION OF LAMINATED PLATES
In this study, low-density polyethylene (LDPE-F2.12) was used as a thermoplastic matrix and galvanized wire as a fiber material. The fiber diameter is 0.5 (mm), specific weight 7.8 (gr/cm 3 ) and volume fraction is 0.0464 (gr/gr). The mold was prepared and pressed as shown in Figure 1 .
The mold temperature was increased to 160°C in five minutes without pressure. The hot mold was held for five minutes under 2.5 MPa. During the cooling process, the temperature is decreased to 30°C under 15 MPa pressure in three minutes. 
EXPERIMENTAL CHARACTERIZATION
The major focus of the experiments was to characterize the elasto-plastic behavior of metal-reinforced thermoplastic-matrix laminated plates and to evaluate the results with a finite element solution.
T specimens were prepared to find the shear stress. The layer is loaded in the principal material directions by an Instron tensile machine; thus, the yield points are in the principal material directions. The shear stress τ is found from the following equation: (11) where P ult is the load at the yield point and A is the shear area. The mechanical properties and yield points of the layer are given in Table 1 .
NUMERICAL RESULTS AND DISCUSSION
The laminated plate with a hole (Figure 2 ) is assumed to be under uniformly distributed loads at the opposite edges of the plate.
The plates are composed of four orthotropic or generally orthotropic layers bounded symmetrically or antisymmetrically. The plates are simply supported. Loading is gradually increased up to the plastic zone, which is not allowed to be large. In the iterative solution the overall stiffness matrix of the laminated plate is the same at each loading step. The in-plane load (N x ) is increased 0.01 N/mm per step.
One quarter of the plate is enough to find the expansion of the plastic zone and the residual stresses in the cross-ply symmetric laminated plate ([0,90] 2 ) without a hole. Residual stress components are given in Table 2 . The 0° layer yields earlier than the 90°layer. Because E 1 /E 2 is greater than X/Y, the 0°layer takes a higher stress component than the 90°layer. The 0°layer has permanent deformation; therefore, it applies a tensile force to the 90°layer. For static equilibrium, the 90°l ayer applies a compressive force to the 0°layer. Therefore, the residual stress The simulation results of the yield points in laminated plates with a hole are given in Table 3 . As seen from this table, the yield points in symmetric laminated plates are greater than those in antisymmetric laminated plates. The yield point in the symmetric angle-ply, ([30°,-30°] 2 ), is maximum (N x = 55.40 N/mm). The expansion of the plastic zones for the 0°and 90°layers in symmetric laminated square plate with a hole under in-plane loading is illustrated in Figure 3 . It is seen from this figure that expansion of the plastic zone for 0°and 90°layers is similar, and the plastic zone starts at different points around the hole. But expansion of the plastic zone for the symmetric and antisymmetric cross-ply ([0°,-90°] 2 ) laminated plates is different. Expansion of the plastic zones for the antisymmetric plates is shown in Figure 4 . The plastic zone in the orientation angle, for 300 load steps, the residual stress component σ x along A-B is given in Figure 5 .
The effect of orientation angle on expansion of the plastic zone is presented in Figure 6 for ([30,-30] 2 ) symmetric and antisymmetric angle-ply laminated plates with simple edges. When the external force N x reaches 55.40 N/mm, yielding occurs in the symmetric layer, and when it is further increased incrementally, the plastic zone expands around the hole. Expansion of the plastic zones is the same in both symmetric and antisymmetric plates.
The effect of orientation angles on expansion of the plastic zone is shown in Figure 7 for ([45,-45] 2 ) symmetric and antisymmetric angle-ply laminated plates with simply supported edges. When we increase the external force gradually, the plastic zone expands around the hole. It is nearly the same for both 45°and -45°o riented layers. Expansion of the plastic zone in ([60,-60] 2 ) symmetric and antisymmetric an- gle-ply laminated plates is shown in Figure 8 . Plastic zones for the 60° and -60°l ayers are nearly the same. The in-plane force (N x ) is given in Table 4 , for the case when the laminated plates without a hole reach yielding.
It is seen that the in-plane loads at the yield points are the same for the symmetric and antisymmetric angle-ply laminated plates but not for the cross-ply laminated plates. The yield points of the symmetric cross-ply laminates are higher than the antisymmetric laminates. If the orientation angle is increased in angle-ply laminated plates, the yield points become smaller. The yield point is maximum in the angle-ply ([30,-30] 2 ) laminated plate.
CONCLUSIONS
In this study, composite laminated plates with a hole are exposed to in-plane forces, and residual stress distribution, which is the response of the material to these forces, is found by simulation. The residual stresses are calculated for both symmetric and antisymmetric laminates by changing the angles. The stress distri- 
